wileyonlinelibrary.com in order to maintain multipotency. When using MSCs for regenerative medicine, it is important to obtain a suffi cient number of cells that maintain pluripotency without compromising MSC senescence. [ 3, 4 ] Material systems that mimic the natural niche environment of MSCs may offer an alternative to the use of complex cocktails of soluble factors used in the culture media. Previous studies show that the cell/material interface plays an essential role on MSC function and differentiation, encompassing promising approaches to manipulate differentiation of stem cells ranging from chemistry, [5] [6] [7] surface modifi cations, [ 8, 9 ] topography, [10] [11] [12] stiffness, [ 13, 14 ] and even dynamic material properties such as stress relaxation. [ 15 ] While we are starting to identify the range of materials properties that can be used to drive stem cell differentiation, there is much left to discover and understand. In addition, cells do not feel the surface of materials directly, but through an intermediate layer of adsorbed proteins. The conformation and distribution of this protein layer will determine integrin binding and the organization of focal adhesions, which in turn will infl uence cell signaling and hence fate. [16] [17] [18] [19] [20] Acrylates are common biomaterials with tunable physical properties. [ 21 ] In this work we used substrates that slightly differ in surface chemistry, varying only one methyl group in the side chain-poly(ethyl acrylate) (PEA) and poly(methyl acrylate) (PMA). Using this material system, we have previously demonstrated that this subtle variation in surface chemistry modulates the conformation of adsorbed fi bronectin (FN). Typically, FN adsorbs to synthetic materials in a globular morphology, as it does on PMA. However, on PEA, the FN molecules spontaneously organize into nanonetworks, a process that we have termed material-driven fi bronectin fi brillogenesis. [22] [23] [24] We hypothesize that these FN nanonetworks assembled on PEA infl uence the behavior of MSCs. In this new report, we have investigated the role of FN nanonetworks on MSC adhesion, differentiation (osteogenic, adipogenic), and growth, by culturing cells in absence of differentiation factors.
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Results
We have used C3H10T1/2 cells, an established murine multipotent mesenchymal stem (mMSC) cell line from 14-to 17-d-old 
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Introduction
Mesenchymal stem cells (MSCs) are capable of self-renewal and multilineage differentiation-classically into osteoblasts, adipocytes, chondrocytes, and fi broblasts. [ 1, 2 ] Multipotent cells remain in their niche as slow proliferating, metabolically quiescent cells C3H whole mouse embryo. [ 25 ] These cells display fi broblastic morphology in high-density cell cultures and are functionally similar to mesenchymal stem cells. They have the potential to differentiate into mesodermal lineages (reticular, adipogenic, osteogenic, and chondrogenic) under defi ned conditions, maintain a stable morphology in culture, and present no tumorigenic activity. [ 26 ] 
FN Adsorption
Samples of PEA and PMA consisting of a vinyl backbone chain with side group -COO(CH2) x H, with x = 1 for PMA and x = 2 for PEA were coated with 20 µg mL −1 FN. We had previously described the molecular distribution of FN on the different substrates by atomic force microscopy (AFM). [ 16 ] Figure 1 shows FN organized into nanonetworks upon adsorption on PEA and globular FN aggregates on PMA. The surface density of adsorbed FN was previously determined by western blot analysis and the results showed similar values for both PEA and PMA, resulting in ≈340 ng cm −2 . [ 22 ] 
Cell Adhesion
We fi rst examined the effect of FN organization (fi brillar on PEA vs globular on PMA) on mMSC adhesion after 3 h of culture. It is important to highlight that cell adhesion was performed in the absence of serum in the media (only Dulbecco's modifi ed Eagle medium (DMEM) supplemented with antibiotics), thus initial cell/material contact occurs only via interaction with adsorbed FN on the material substrates. Cells were seeded at a low density (5000 cells cm −2 ) to maximize cell-material interactions and to minimize cell-cell contacts. Figure 2 a shows cell morphology after staining actin fi bers and vinculin within focal adhesion complexes (other focal adhesion proteins, e.g., tensin and talin, are shown in Figure S1 , Supporting Information). Cells displayed prominent actin stress fi bers terminating at well-developed focal adhesion sites. Cell area presented similar values for all surfaces (Figure 2 b) although circularity of cells was slightly higher on PMA than PEA (Figure 2 c) .
Focal adhesion size distribution was quantifi ed by image analysis on the different substrates ( Figure 3 a,b) . We found signifi cant differences for the total area occupied by focal adhesions (Figure 3 a) : PEA > PMA > control glass. The frequency distribution was similar on all surfaces, with a higher fraction of smaller plaques (1 or 2 µm 2 ) that decreased monotonically up to larger, 4 µm 2 , plaques (Figure 3 b) . Immunofl uorescence staining for other focal adhesion proteins, e.g., talin and tensin, revealed similar trends ( Figure S1 , Supporting Information).
To gain insights into the initial signaling mechanism, we examined activation (phosphorylation) of focal adhesion kinase (FAK) after 3 h of culture in absence of serum in medium. FAK localizes to focal adhesions and forms a main part of the adhesion signaling strata. Higher levels of pFAK were obtained on PEA compared with PMA and glass, revealing increased FAK activation from the FN nanonetworks assembled on PEA fi tting nicely with the observation of increased adhesion area.
Cell Differentiation
We fi rst evaluated the effect of FN assembly (globular on PMA vs nanonetworks on PEA) on mMSC differentiation using basal medium (B.M.) containing 10% fetal bovine serum (FBS) without any supplements or growth factors in it. Considering the range of stiffness of PEA and PMA used in our experiments (≈1000-2000 kPa), [ 27 ] and the range of stiffness that cells are sensitive to (≈1-40 kPa), [ 13 ] cells are unable to deform the underlying substrates that will be sensed simply as rigid substrates. We evaluated the phenotypical behavior of mMSCs during commitment along two different lineages: osteogenic and adipogenic, and also their ability to grow maintaining stemness.
We used cell seeding densities of 10 000 cells cm −2 to promote osteogenesis and 30 000 cells cm −2 to favor adipogenesis; cells were seeded at a density of 10 000 cells cm −2 in basal medium for basal conditions. [ 28 ] Immunofl uorescence images were taken after 15 d of culture in order to analyze morphology of cells onto FN-coated materials (PEA and PMA were subjected to basal conditions, B.M., and glass was used as positive control with differentiation medium, D.M.). Figure 4 shows that mMSCs grew to confl uence and consistently displayed a spindle-like, fi broblastic morphology across FN-coated PEA and PMA surfaces, which suggests no spontaneous differentiation. [ 28, 29 ] Cells on glass substrates (control using D.M.) presented a polygonal morphology typical of osteoblasts after an osteogenic induction period (osteogenic differentiation medium, O.D.M.) and a rounded shape due to the high content of vacuoles characteristic of adipocytes after adipogenic induction (adipogenic differentiation medium, A.D.M.). [ 30 ] Further, we investigated specifi c markers of osteogenic differentiation (osteopontin (OPN) and Runt related transcription factor 2 (Runx2)) as well as Oil red O staining to assess adipogenic commitment in identical basal conditions for PEA and PMA (B.M.) and differentiation conditions (O.D.M. and A.D.M.) for glass controls. Immunofl uorescence was done after 15 days of culture for OPN, while Runx2, an early expression transcription factor in osteogenenesis, was detected after 3 d of culture. [ 31 ] Oil Red O staining confi rmed the presence of adipocytes after 15 d of culture. Figure 5 shows representative images on the different substrates and the corresponding quantifi cation via image analysis of staining intensity. Both mMSCs on FN-coated PEA and PMA (using B.M.) showed minimum levels of OPN compared with glass (using D.M., positive control of differentiation). In contrast Runx2 levels were similar between PMA and PEA, whereas Runx2 levels were slightly higher on glass. Note that Runx2 was always evaluated after 3 d of osteogenic stimulation, as it is a transcription factor that is expressed early Based on these results, we hypothesized that mMSCs cultured on FN-coated substrates maintained their self-renewal potential rather than differentiating into specifi c lineages. Figure 5 shows high levels of Sca1 staining for PEA and PMA, a specifi c marker of undifferentiated murine mesenchymal cells. [ 32, 33 ] These results suggest that FN-coated PEA and PMA promote maintenance of stemness rather than lineage commitment in the absence of soluble factors in media. Next, we evaluated their ability to sustain MSCs differentiation under defi ned media conditions and also the self-renewal maintenance in longer-term cultures. To do this, we designed three different experimental conditions: (i) mMSCs cultured for 15 d using differentiation media (to evaluate the potential of FNcoated PEA and PMA to support osteogenic/adipogenic commitment); (ii) mMSCs cultured for 15 d under basal conditions and then stimulated to differentiate with differentiation media for another 15 d; and (iii) mMSCs cultured for 30 d under basal conditions. 
Analysis of Gene Expression
After this initial evaluation of results obtained for cell differentiation on the FN-coated substrates, we performed real time quantitative polymerase chain reaction (qPCR) analysis of specifi c genes related to osteogenic or adipogenic commitment under basal conditions (B.M.). Runx2 and adipocyte peroxisome proliferation-activated receptor (PPARγ 2) are transcription factors involved in osteogenic and adipogenic commitment respectively. As both transcripts/proteins are involved in early onset of lineage commitment, we fi rst analyzed their expression after 3 d of culture in basal medium (B.M.): Figure 7 a(i) shows that Runx2 levels were higher in PEA while in PMA and control glass remains similar; in contrast, PPARγ 2 levels were low both in PEA and PMA. Further qPCR analysis was performed after 3/15 d of culture in differentiation media prior to Expression levels of PPARγ 2 and LPL were minimal in all substrates compared to the positive control for differentiation. OPN levels were also low and Runx2 levels were lower than that observed at 3 d; this is in agreement with previous immunofl uorescence data ( Figure 5 ). We also analyzed relative expression of stemness markers Sca 1 and CD29 under basal conditions (iv). PEA presented the highest levels of Sca 1 and CD29 followed by PMA and then minimum expression levels for these markers was noted for the positive differentiation controls (Figure 7 a(iv) ). These results are consistent with data obtained in immunofl uorescence images (Figures 5 and 6 ) .
We next used qPCR analysis to study expression of the osteogenic, adipogenic, and stem cell-related genes for cells on the FN-coated substrates cultured for 15 d ( (Figure 7 b(iii) ).
FN-coated PEA and PMA substrates showed a similar potential to support induction of both osteogenic and adipogenic differentiation under defi ned media conditions compared to inducement on glass control (Figure 7 b(i) ). When mMSCs were cultured for 15 d prior to addition of defi ned medias, a trend of increased induction on PEA was noted (Figure 7 b(ii)) in agreement with results obtained at protein level (Figure 6 ). Note that only on PEA, cells maintain their ability to differentiate into osteogenic and adipogenic lineages, whereas on PMA only the ability to undergo adipogenesis is maintained after 15 d of culture in B.M. ( (Figure 7 b(ii) ). Further note that we have applied appropriate statistics and reported differences based on p values. However, we acknowledge that these variations even if consistent at the gene and proteins expression are small.
Importantly, high levels of stemness markers were only found in PEA after 30 d of culture (Figure 7 b(iii) ), in line with data previously obtained by immunofl uorescence assays ( Figure 6 ). 
Analysis of Contractility
Forces generated by cells regulate different processes including cell contraction and differentiation, [ 34 ] and cell migration [ 35 ] via phosphorylation of the myosin light chain (MLC). [ 36 ] We examined whether this contractility process was related to differentiation or self-renewal of mMSCs cultured on PEA and PMA. Immunofl uorescence staining for phosphorylated MLC (pMLC) revealed colocalization of pMLC coincident with the actin cytoskeleton in cells cultured on all substrates ( Figure S3 , Supporting Information). Cells were then cultured in the presence of pharmacological inhibitors that impair contractility. We used Y-27632 as specifi c inhibitor of Rho-kinase, and blebbistatin as specifi c inhibitor of myosin II activity. [ 37, 38 ] Staining for pMLC was reduced in a dose-dependent manner (10 × 10 −6 and 20 × 10 −6 M , respectively) in the presence of these inhibitors in cells on the different substrates ( Figure S3, Supporting Information) .
The expression of osteogenic markers requires high cell contractility, [ 5, 6 ] as expected, inhibition of cell contractility (blebbistatin and Y-27632 at fi nal concentrations of 20 × 10 −6 M ) greatly reduced osteogenic marker expression from the MSCs on all substrates ( Figure 8 ).
Self-renewal markers were also studied and CD29 and Sca1 expression levels were strongly reduced regardless of the FN distribution on PEA and PMA (Figure 8 a,b) , which suggests a role of material-activated cell contractility in stemness maintenance. The motivation of the contractility experiments was to assess if maintenance of phenotype on the polymers (on PEA in particular) was related to cytoskeletal tension and fi tted in with the MSC tension-phenotype relationship, e.g., low MSC intracellular tension causing adipogenesis and high MSC intracellular tension driving osteogenesis. [ 6 ] 
Discussion
The application of materials science to modulate the cellular microenvironment and direct MSC fate will be fundamental to developing an understanding of stem cell function. Different attempts include cues such as topography [ 39 ] and stiffness [ 13 ] or chemistry. [ 40 ] While these studies demonstrate that material properties infl uence cell fate decisions, no examples so far have observed material-induced conditions that permit fi rst MSC growth and then enhanced differentiation. [ 12, 14 ] Here we show that FN-nanonetworks assembled on PEA promote enhanced, prolonged maintenance of self-renewal and retention of functional multipotency when basal media is used. However, when defi ned medias, traditionally used to induce specifi c differentiations, enhanced levels of differentiation is noted; i.e., the cells were more sensitive to the defi ned medias when cultured on the FN nanonetworks on PEA.
It is well documented that cell-material interaction takes place through an intermediate layer of proteins adsorbed onto substrates. The amount of protein adsorbed and its conformation on materials depends of surface chemistry. [ 40 ] Proper conformation of adsorbed proteins directs integrin binding, focal adhesion assembly, and cell differentiation. [ 19, 41, 42 ] We have previously reported the amount of FN adsorbed on PEA and PMA to be similar at ≈340 ng cm −2 for both polymers. [ 22 ] However, FN distribution and conformation differ signifi cantly with interconnected FN nanonetworks on PEA whereas globular aggregates appeared on PMA (Figure 1 ). [ 16 ] This work demonstrates the critical nature of this protein interface in MSC functionality. The MSCs acted with far greater growth and differentiation potential when biomimetic FN networks rather than FN with globular morphology was used as the culture substrate. Adhesion-derived tension is critical for several processes, including cell survival [ 43 ] and MSC differentiation. [ 13, 44 ] In this work, we fi rst evaluated the role of FN nanonetworks in initial cell adhesion of mMSC and signaling. Focal adhesions are multiprotein associated complexes that act as a link between extracellular matrix (ECM) and actin cytoskeleton. Their structure, composition, and dynamics depend on the information received from the extracellular protein environment-in this case adsorbed FN in different conformations. In fact, it has been found a direct correlation between their size and functionality. Classically, adipogenesis (small adhesions, low intracellular tension) and osteogenesis (large adhesions, high intracellular tension) are used as exemplars. [ 5, 6, 45 ] However, much less in understood about the MSC phenotype itself in terms of tension phenotype.
PEA, supporting fi brillogenesis, presented enhanced focal adhesion formation in terms of vinculin, talin, and tensin expression (Figure 2 a and Figure S1 , Supporting Information). Quantifi cation of focal adhesion surface area showed signifi cantly higher values for MSCs on the fi brillar networks although the size distribution of totality of focal adhesions remained similar for all substrates (Figure 3 a,b) . This suggests that the FN network assembled on PEA enhances focal adhesion number but not size.
FAK, a downstream effector of integrin ligation to the extracellular environment [ 5, 6 ] such as FN, can simultaneously activate multiple signaling pathways that regulate cell migration, survival, proliferation, and differentiation. [ 46 ] Activation of FAK is produced after phosphorylation at Y-397, the autophosphorylation site and a binding point for Src and PI-3 Kinases. [ 47 ] The pFAK/FAK ratio was signifi cantly higher in PEA than on PMA or glass (Figure 3 c) , which correlates to the unfolding of FN during fi brillogenesis and subsequent availability of critical domains for cell adhesion such as Arg-Gly-Asp (RGD) and ProHis-Ser-Arg-Asn (PHSRN) as we, and others, have described before. [ 23, 48, 49 ] These data show that MSCs on PEA are adhesion primed to increase responsiveness but do not reveal if tension itself is important in stem cell growth. Addition of contractility inhibitors, blebbistatin or Y-27632, reduced ability to commit to osteogenic differentiation (as expected) and ability to retain the MSC phenotype showing that MSC growth and maintenance of stemness require intracellular tension. This ties in with literature on human MSCs showing that while adipogenesis requires almost no intracellular tension, the MSC growth requires slightly reduced tension than fi broblastic differentiation and much lower tension than osteobalstic differentiation. [ 50, 51 ] 
Conclusions
This work shows, for the fi rst time, that in order to fully potentiate the ability of biomaterials to control MSC growth and differentiation (as in the niche), full attention needs to be given to the intermediate protein layer. We hypothesize that biology has evolved to use certain protein conformations to achieve a full range of cell control. Thus, when we use a biomimetic protein conformation, we achieve a signifi cantly more dynamic range of MSC growth and differentiation ability. Material-driven assembly of FN nanonetworks on PEA sustain stem cell growth maintaining stemness and then MSCs can be induced to differentiation on the same substrate by changing the external conditions.
Experimental Section
Materials : Polymers were synthesized by radical polymerization of methyl acrylate and ethyl acrylate (Sigma-Aldrich). The initiator was www.afm-journal.de www.MaterialsViews.com benzoin at 1 and 0.35 wt% respectively (98% pure, Scharlau). Afterward, the samples were dried to constant weight. Spin coating was used to coat glass coverslips and produce thin fi lms of these polymers (Brewer Science). Polymer solutions were made in toluene with 6% PMA or 2.5% PEA and spun at 2000 rpm for 30 s. Finally, samples were dried at 60 °C in vacuum. For cell culture experiments samples were sterilized by UV exposure for 30 min.
AFM : AFM was performed in a NanoScope III from Digital Instruments (Santa Barbara, CA) operating in the tapping mode in air; the Nanoscope 5.30r2 software version was used. Si-cantilevers from Veeco (Manchester, UK) were used with force constant of 2.8 N m −1 and resonance frequency of 75 kHz. The phase signal was set to zero at a frequency 5%-10% lower than the resonance one. Drive amplitude was 200 mV and the amplitude setpoint Asp was 1.4 V. The ratio between the amplitude setpoint and the free amplitude Asp/A0 were kept equal to 0.7.
Protein Adsorption : FN from human plasma (Sigma-Aldrich) was adsorbed on the different substrates by covering the material fi lms with FN solutions of concentration 20 µg mL −1 in Dulbecco's phosphate saline buffer (DPBS). After adsorption, samples were rinsed in DPBS to eliminate the nonadsorbed protein.
Cell Culture : Murine embryonic mesenchymal stem cells (mMSCs) C3H10T1/2 (RIKEN Cell Bank, Japan) were cultured in DMEM with 10% FBS and antibiotics 1% (penicillin/streptomycin) at 37 °C in a humidifi ed atmosphere of 5% CO 2 (growth medium and basal medium composition, B.M.). For differentiation experiments, mMSCs were plated on glass covers coated with FN, at a density of 10 000 cells cm For evaluation of differentiation, several specifi c markers were used. Osteogenic differentiation was assessed using Runx2 (abcam) and osteopontin (Santa cruz Bioterchnology) dilution 1:100 as primary antibodies. Cy 3 (Jackson Immunoresearch) and Alexa Fluor 488 (Invitrogen) diluted 1:200 were used as secondary antibodies. Gene Expression Analysis by Quantitative Real Time PCR : Total RNA was extracted from MC3T3 cells cultured for 3, 15 or 30 d under different experimental conditions using RNeasy micro kit (Qiagen) according to the manufacturer's protocol. RNA quantity and integrity was measured with a NanoDrop 1000 (ThermoScientifi c). Then, 150 ng of RNA were reverse transcribed using the Superscript III reverse transcriptase (Invitrogen) and oligo dT primer (Invitrogen). Real-time qPCR was carried out using the Sybr select master mix and 7500 Real Time PCR system from Applied Biosystems. The reactions were run in triplicate for both technical and biological replicas. The primers used for amplifi cation were designed based on sequences found in the GenBank database and included: Runx2 (NM_001146038.1, Forward: 5′-TGA GAG TAG GTG TCC CGC CT-3′, Reverse: 5′-TGT GGA TTA AAA GGA CTT GGT GC-3′) and Osteopontin (NM_001204201.1, Forward: 5′-TTT GCC TGT TTG GCA TTG C-3′, Reverse: 5′-TGG GTG CAG GCT GTA AAG CT-3′) for osteogenic differentiation. PPARγ 2 (NM_001127330.1, Forward: 5′-AGC AAA GAG GTG GCC ATC C-3′, Reverse: 5′-CTT GCA CGG CTT CTA CG-3′) and LPL (NM_008509.2, Forward: 5′-TGC CCT AAG GAC CCC TGA A-3′, Reverse: 5′-CAG TTA GAC ACA GAG TCT GC-3′) were used for adipogenic differentiation. Sca1 (NM_001271416.1, Forward: 5′-GAC CCT GGA GGC ACA CAG CC-3′, Reverse: 5′-CAT GTG GGA ACA TTG CAG GAC CCC-3′) and CD29 (Forward: 5′-GGA GGA ATG TAA CAC GAC TG-3′, Reverse: 5′-TGC CCA CTG CTG ACT TAG GAA TC-3′) were used for assessment of maintenance of stemness.
The fractional cycle number at which fl uorescence passed the threshold (Ct values) was used for quantifi cation using the comparative Ct method. Sample values were normalized to the threshold value of housekeeping gene GAPDH. The Ct value of the positive control (glass substrate) was used as a reference.
FAK and pFAK Detection and Quantifi cation : For FAK assays cells were cultured under serum-free conditions in order to reduce background signal. Cells were then seeded on FN-coated materials in serum-free medium. After 3 h of culture, cells were lysed with radioimmunoprecipitation assay (RIPA) buffer (Tris-HCl 50 × 10 −3 M , 1% Nonidet P-40, 0.25% Na deoxycholate, NaCl 150 × 10 −3 M , ethylenediaminotetraacetic acid (EDTA) 1 × 10 −3 M ) containing protease inhibitor cocktail tablets (Roche). Proteins were concentrated using Microcon YM-30 Centrifugal Filter devices (Millipore) as the manufacturer described. To determine FAK protein expression and its phosphorylated form (pFAK), concentrated samples were subjected to 7% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred to a positively charged polyvinylidene fl uoride (PVDF) membrane (GE Healthcare) using a semidry transfer cell system (Biorad) and blocked by immersion in 5% semiskimmed milk in phosphate bufered saline (PBS) for 30 min at room temperature. The blot was incubated with anti-FAK (abcam, 400 ng mL −1 ) and antipFAK (abcam, 1 mg mL −1 ) in PBS containing 0.1% Tween 20 and 2% semiskimmed milk. After several washes with PBS/0.1% Tween 20, the blot was incubated in horseradish peroxidase-conjugated antibody (GE Healthcare) diluted 1:25 000 for FAK and 1:10 000 for pFAK in PBS containing 0.1% Tween 20 and 2% semiskimmed milk for 1 h at room temperature. Supersignal West Femto Maximum Sensitivity Substrate (Pierce) was used before X-ray exposition.
Image Analysis : To analyze focal adhesions, vinculin images were segmented by ImageJ, using Trainable Weka Segmentation plug in to create a binary mask. After segmentation, focal adhesion size and number were determined using different commands of the same software. Values of focal adhesion size frequency were represented using www.afm-journal.de www.MaterialsViews.com GraphPad Prism 6.0. using a bin width of 0.2 µm. Cell morphology was analyzed by calculation of different parameters using ImageJ software. Cell spreading area and roundness (4 × area π −1 × [major axis] 2 ) were calculated by evaluation of at least 40 cells for each condition. Western blot bands pixel density and staining intensity of immunofl uorescence images were quantifi ed using ImageJ software.
Statistical Analysis : All experiments were performed at least three times, unless otherwise noted. Data are reported as mean ± standard deviation. Results were analyzed by one-way analysis of variance (ANOVA) using SYSTAT 8.0 (SPSS). If treatment level differences were determined to be signifi cant, pairwise comparisons were performed using a Tukey post hoc test. A 95% confi dence level was considered to be signifi cant.
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